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ABSTRACT An efficient finite element procedure to analyze transient phenomena
in dry and/or fluid-saturated porous media is presented. The saturated porous medium
is modeled as a twO-phase system consisting of a solid and a fluid phase. Time integration

"/ of the resulting semidiscrete finite element equations is performed by an implicit-explicit
_ ~' atgorithm. In order to remove the time step size restriction associated with the presence of

the stiff fluid in the mixture, the fluid contribution to the equations of motion is always
treated implicitly. The procedure allows an optimal selection of the time step size
independently of the fluid. Depending upon the particular intended applications i-.g.,
seismic, blast loading), the fluid may be assumed incompressible or compressible.

Accuracy and versatility of the proposed procedure are demonstrated by applying it
to analyze a number of dynamic soil and/or soil-structure interaction tests and quasi-static
consolidation tests performed in centrifuges.
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INTRODUCTION AND PROBLEM

The Navy has $25 billion worth of facilities in seismically active

regions. Each year $200 million of new facilities are added to those in

seismically active areas. The Navy, because of its mission, must locate

at the waterfront with a high watertable and often on marginal land.

Seismically induced liquefaction is a major threat to the Navy. Pres-

ently, procedures do not exist to analyze the effect of liquefaction on

structures. Developing an effective stress soil model will provide a

tool for such analysis of waterfront structures.

To understand the significance of liquefaction, it is important to

note the damage caused in recent earthquakes. The following summarizes

recent experiences during major earthquakes.

1960 Chilean Earthquake (Magnitude 6-8.3)

Most spectacular damage occurred in Puerto Montt, to quay walls,

steel sheet piles, and sea walls. Liquefaction of the loose fine

sandy soils was the primary cause of the failures.

1964 Alaska Earthquake (Magnitude 8.4)

Severe damage at Anchorage, Cordova, Homer, Kodiak, Seldovia,

Seward, Valdez, Kiawock, and Whittier. Large-scale land slides and

liquefaction induced most of the extremely heavy damage and total

destruction.

%4.
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1964 Niigata Earthquake (Magnitude 7.5)

Severe damage in Niigata Port (West Harbor). Areas affected were

Additional Harbor, Yamanoshita Wharf, North Wharf, East Wharf,

Central Wharf, South Wharf, Kurinoki River Landings, Bandai Island

Wharf, Shinano River Left Bank Bulkhead, and West Coast Bulkheads.

Liquefaction caused most of the heavy damage.

1968 Tokachi-Oki Earthquake (Magnitude 7.8)

/. Ports affected were Hachinohe, Aomori, Hakodate, and Muroran.

Damage was relatively light compared to that caused by Niigata

Earthquake. Most of the damage occurred to structures of smaller

scale. Liquefaction was not the primary cause of damage even

though spouting sand sediments were seen at several waterfront

areas near the damaged structures.

1973 Nemuro-Hanto-Oki Earthquake (Magnitude 7.4)

Severe damage occurred mainly in Hanasaki and Kiritappu Ports.

Nemuro Port situated only 6 km away from Hanasaki Port sustained

very slight damage. The damage was attributed to soil lique-

faction.

1978 Mivagi-Ken-Oki Earthquake (Magnitude 7.4)

Areas affected were Shiogama, Sendai, and Ishinomaki Ports, and

Ishinomaki and Yuriage Fishing Ports. The damage in Ishinomaki

Port accounted for approximately 90 percent of the total damage
.. -Acosts at port and harbor facilities caused by this earthquake.

Gravity quay walls and piers suffered various degrees of damage.

A Sheet pile quay walls damaged were primarily due to liquefaction

of fill materials. Liquefaction again played a significant role

in this earthquake. At sites where liquefaction did occur, the

2



damage to the port and harbor structures was very severe.

Conversely, the damage to port and harbor structures was small at

sites where no liquefaction occurred.

As can be seen, liquefaction played a major role in waterfront

damage, most of the time being the single cause of widespread losses.

Fortunately the United States has not suffered a devastating earthquake

in recent years. However, the seismic risk is great, particularly in

the West where it is estimated that there is a 5 percent annual prob-

ability of a major event in Southern California that could affect a

number of Naval bases. This problem has been noted in an ONR sponsored

study evaluating the Navy's seismic vulnerability. The experience noted

in recent earthquakes is that liquefaction greatly increased the amount

of damage observed in waterfront facilities. Particular problems exist

with sheet piles, quay walls, wharfs, and embedded structures. Conven-

tional buildings also suffer severe damage.

The Navy's experience has been limited to damage inflicted in the

1964 Alaskan earthquake., heavy damage was noted in the seawall at the

Kodiak Naval Station. One foot of differential settlement was noted

beneath aircraft hangars. Compaction of fill occurred under asphalt

aircraft ramps. It is significant to note that these facilities were

constructed on 15 to 20 feet of engineered fill where seismically

induced pore pressure increases would be expected to reduce soil stiff-

ness and shear strength. The damage noted was caused by soil failure,

and in addition, substantial damage was caused by the seismic sea wave.

The United States has not had a large number of events exposing Navy

facilities to damage. However, the Japanese have had a number of events

and their experience illustrates that seismic liquefaction was respon-

sible for most waterfront damage.

The conclusions from this are:

(1) Seismic liquefaction causes severe damage to waterfront

structures.

3* ' A..



(2) The Navy, located in seismically active areas having numerous

waterfront structures on marginal land, is vulnerable to substantial
damage.

(3) Techniques presently do not exist to accurately analyze the

response of a large complex waterfront structure on soil in which seis-

mically induced pore pressures cause loss of soil stiffness and shear

strength (liquefaction).

The most promising solution to this problem is developing a

constitutive soil relationship that is capable of accurately predicting

soil behavior under generalized loading conditions. Implementing this

effective stress soil model into a finite element computer program would

allow analysis of soil and structure together.

TECHNICAL BACKGROUND

The analysis of dynamic transient phenomena in fluid-saturated

porous media is of great interest in geophysics and geotechnical

engineering. Fluid saturation of an otherwise inviscid porous solid

* 7 skeleton introduces a time dependence into the reponse to applied loads.

Biot (Ref 1) first considered the propagation of harmonic waves in a

fluid-saturated porous medium. Since then, his theory and results have

been the standard reference and basis for most of the investigations in

acoustics, geophysics, and geomechanics. Many one-dimensional wave

propagation theories have since been proposed (see Ref 2 and 3) for

recent surveys of western and Russian literature), and one-dimensional

wave propagation numerical results were first presented in References 4

and 5. The need for a general multidimensional formulation and solution

technique has become important in recent years because of the increased

concern with the dynamic behavior of saturated soil deposits and associ-

ated liquefaction of saturated sand deposits (see Ref 6 and 7) under

seismic loading conditions. Also concern in marine foundation engineer-

ing with water wave induced dynamic pore pressures in saturated marine

deposits has spurred interest in the subject matter (see Ref 8 and 9
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for related analytical solutions). Most of the solution procedures

reported in the literature are restricted to linear systems Ghaboussl

and Wilson (Ref 10) first proposed a multidimensional finite element

numerical scheme to solve the linear coupled governing equat on,

Despite the extensive literature published in soil dynamics (see

Reference 11 for extensive references) no general technique (apable

of accounting for all present nonlinear effects (large def(,rmatior%

strains, nonlinear material behavior) has yet been fully deveFoped arl

implemented, although attempts at presenting a suitable general frame-

work have been reported (see Ref 12, 13, 14, 15, 16, and 17)

Professor J-H. Prevost of Princeton Jniversity (Ref 13) ras

developed an efficient finite element numerical procedure to a,,a'Yze

transient phenomena in fluid saturated porous media The saturated

porous medium is modeled as a two-phase system consisting of a solid and

a fluid phase. The solid skeleton may be linear, or nonlinear and

hysteretic. Large deformations may also be included. The fluid may be

compressible or incompressible depending upon the intended ipplications

(e.g., seismic, blast loading). Time integration of the resulting semi-

discrete finite element equations is performed by using an implicit-

explicit algorithm (Ref 18 and 19). In order to remove the time step

size restriction associated with the presence of the stiff fluid in the

mixture, the fluid contribution is always treated implicitly.

This study is directed toward examining the predictive capabilities

of the numerical procedure proposed in Reference 20. 'If particular

interest is the validity of the proposed numerical model in capturing

adequately the generation and dissipation of excess pore-water pressures

in saturated sand deposits during (and after) earthquakes, and its per-

formance in dynamic soil-structure inttraction problems. The most

appropriate method for such a validation study would be to utilize field

data from instrumented prototype situations. However such a study is

preempted by the paucity and scarcity of the field data. In the absence

of actual prototype earthquake field data, an alternate method of vali-

dation is provided by analyzing centrifuge soil model test data.

Although imperfect in many respects, it is felt that dynamic centrifuge

soil modep tests can still provide a data base for calibration of

numerical procedures. A number of dynamic centrifuge soil model tests

i5
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balance laws for the two-phase mixture are summarized in this report

Balance of Mass

(Y Of
0V n D
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Balance of Linear Momentum

V a +a+pab = pa aa (a s,w) (2)

a

4 where: D/Dt = material derivative following the motion of the
a-phase

Of= n p macroscopic average mass density
p a = mcroscopic mass density

pa microscopic mass density

n fraction of elemental volume, dV, occupied by a-phase
(i.e., n = dVa/dV).

Clearly, I na = ns + nw = 1,

where: s and w = solid and fluid phases, respectively

nw = porosity

av = velocity (spatial) of a-phase

a acceleration of a-phase

b body force per unit mass
4N

momentum supply to the a-phase from the other phase,
subject to I 2 s + AW = 0.

In the following, momentum interaction consists of diffusive and dilata-

tional contributions, viz.,

s w . - w)_Pw (3)A Q v = Y n (3s

where: = symmetric, positive definite second-order tensor

Pw = fluid pressure

The first term is sometimes called the "Stokes drag" (see Ref 26).

In Equation 2, Ua = partial (Cauchy) stress tensor corresponding to

the a-phase. The partial stress tensor aw corresponding to the fluid
wphase is equal to n times the pore fluid stress aw' i.e.,

w

7
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Sow = nw a (4)

However, the partial stress tensor a corresponding to the solid phase

is not the effective stress a's of classical soil mechanics (Ref 25),

but rather is

S a' + n a (5)

where n5 a accounts for the effects of the pore fluid stress on the

individual solid grains which constitute the solid skeleton. The global

stress, a, is the sum of the partial stresses, and is equal to (from

Equations 4 and 5)

a = as + aw + aI s + Y (6)
.4W

as postulated in classical soil mechanics (Ref 25).

Equations of State

For all practical applications of interest in soil dynamics, the

soil grains may always be assumed to be incompressible, and in the

following ps constant. Equation 1 for the solid phase then simplifies

to

Vs

DnW (1 nw) V vs (7)_ Dt ~- ~

and Equations 1 and 7 may be combined to yield the so called "storage

equation," viz.,

w

' V. nw vw] + V (1 nw) vs] n D (8)
.pw Dt .w)



Constitutive Assumptions

A rate-type constitutive equation describes the behavior of the

porous solid skeleton, of the following form:

5
D- s : vs + DG s -2 s 6's) (9a)

' ' where: v(
where ) = symmetric parts of the solid velocity gradient

x[ ] skew-symmetric parts of the solid velocity gradient

,. Ds

= material constitutive tensor, gn objective tensor
valued fuiction of possible a' and the solid
deformation gradient

r. DG

P = contribution from the rotational component of the

stress rate.

Namely,

G 1 [1,s Iik (k
i. k + Cjk + 6 C s  6 s -a (9b)ijkfe 1 k jI ik j2 - jk ife

The last term on the right-hand side in Equation 9a is introduced to

ensure that the tangent stiffness operator obtained through lineariza-

tion of the momentum equations possesses the major symmetry as the DS

tensor. Many nonlinear material models of interest can be put in the

above form (e.g., all nonlinear elastic and many elastic-plastic

material models). The particular form of the constitutive equation

(Equation 13) adopted here was first proposed by Hill (Ref 30) within

the context of plasticity theory. Appropriate expressions for the

effective modulus tensor, DS, for soil media are given in References 31

and 32. For a linear isotropic elastic porous skeleton:

S S S

DS 6s 5. + V (6ik 6e +6 6 jk) (10)

"". ijkf ij 6kfi jf 6if k

9
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! -0. r - V 1VT.-. 6- V-r J-J j" - ~

S S

where: A , v = effective Lam6's moduli

6.. = Kronecker delta

The following constitutive equation is assumed to describe the

behavior of the fluid phase

a = - P6 (11)

where: Pw pore-fluid pressure

We assumed that the fluid has no average shear viscosity. Further, the

fluid flow is assumed barotropic so that the fluid kinetic equation of

state is independent of the temperature, viz.,

F(Pw pw ) = 0 (12)

from which it follows that

w w
1 D I D

Pw wt (Pw) wDtPw) 
(13)

where: = pw6Pw /Pw bulk modulus of the fluid phase.

The fluid pressure can thus be determined from Equation 8, which now

% writes:

w
D-(P) = -{V (nw vw ) + " [( - n) vS]} (14)
T w w-v

For soil media, the compressibility of the fluid phase is often no

smaller than the compressibility of the solid skeleton. Therefore, the

fluid phase may, in some soil dynamics applications, be regarded as

incompressible, and Equation 8 reduces to:

. Inw w + V [(l nw ) vs ] = 0 (15)

10
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Field Equations

Under the assumptions described above, the linear momentum equa-

tions (Equation 2) simplify to.

p sa = V - os - n V pw ( - w) +pS b (16a)
w

W wD ww w wwP -t (v ) = p ( - ) wVv - n V pw (16b)

+ . ( v_ w) + pW b

when the movement of the solid phase is used as the reference motion.

When inertia and convective terms are neglected, Equation 16b reduces to

Darcy's law as:

nW( w s) = - (nw)2 1 (V p -p ) (17)

and thus k = (nW)2 I = Darcy permeability tensor (symmetric, positive

definite), (units. L/T), Yw = gPw = unit weight of the fluid;

g = acceleration of gravity.

Weak Form - Semi-Discrete Finite Element Equations

The initial boundary value problem consists of finding the solid
S w

displacement, v , the fluid velocity, v , and the fluid pressure, pW,

(all functions of position and time) satisfying the field equations

(Equation 16a and 16b) together with the constitutive relations and

continuity conditions subject to appropriate initial and boundary

conditions. In order to reduce the number of unknowns, the fluid

pressure is eliminated from the formulation, thereby producing a most

efficient scheme. In the case of a compressible fluid, the fluid

pressure is determined from the computed velocities through time inte-

gration of Equation 14. In the case of an incompressible fluid, a

11



penalty-function formulation of the continuity constraint expressed by

the storage equation (Equation 15) is used to compute the fluid pressure

as:

5w

P n {" [nw vw] + V [(1 - nw) vs] (18)

n

where Xw > 0 is a penalty parameter, not the effective bulk modulus

appearing in Equation 14. The penalty parameter is selected as a large

number. This parameter is further discussed later.

The weak formulation associated with the initial boundary value

problem is obtained by proceeding along standard lines (see Ref 33).

The associated matrix problem is obtained by discretizing the domain

occupied by the porous medium into nonoverlapping finite elements.

Associated with this discretization are nodal points at which shape

functions are prescribed. Two sets of shape functions will be required

for the solid displacement and the fluid velocity fields, respectively.

However, since attention in the following is restricted to low order

(i.e. , four-node plane. , eight-node brick) finite elements, which are

the most efficient in nonlinear analysis, the same shape functions are

used for both the solid and the fluid. The shape functions for the

solid displacement and fluid velocity associated with node A are

denoted by NA. They satisfy the relations NAB) = 6 in which xB

d-notes the position vector of node B, 6 = Kronecker delta. The

solution of the Galerkin counterpart of the weak formulation is then

expressed in terms of the shape functions and gives rise to the follow-

ing system of equations

La ]w Lw = [s][T j [w (19)
M' 

0

where: N mass matrix

*of

a= acceleration vector

12
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= velocity vector

F, = force vector

NSeveral computational simplifications result in using a diagonal mass

matrix, and a "lumped" mass matrix is used throughout. For the two-

dimensional (three-dimensional), four- (eight-) node bilinear (tri-

linear) isoparametric element,

(Mi ) = iJ ABf p  NA d (no sum on A) (20)

'.-',
' ,', AB

where: M.= the elemental mass contribution to node A from node B for
13 e

directions i and j to the global mass matrix e = spatial domain occu-

pied by element e.

In Equation 19, Z is a damping matrix arising from the momentum

transfer terms in Equations 16 and 17 as:

Z AB = N A. N B d(21)
-p .J ~ii gii

The solid force vector Fs is:

FN extS _ (22)

where: (F ext) s = vector of external solid forces (i.e., body force,

surface tractions)

Ns = vector of solid stress forces, viz.,

NA s NA (,S _ n s
NN P 6..) d (23)

J e

The fluid force vector Fw is:

*w
w= (ext)- Nw (24)

z9,1
13

V..q ,
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where: (F ext )w = vector of external fluid forces

iw
Nw = vector of convective and fluid stress forces, viz.,

N A1  = NA(vw _ vs) v,j d- fN i n Pw do (25)

0 e e

Time Integration

Time integration of the semidiscrete finite element equations

(Equation 19) is performed by using a finite difference time stepping

algorithum. Many types of time stepping algorithms and algorithmic

strategies are presently available (see Ref 34 for a description of

most widely used computational transient analysis methodologies).

Broadly speaking, implicit or explicit procedures are available.

Explicit procedures are the most computationally efficient procedures

. since they do not require (for a diagonal mass matrix) equation solving

to advance the solution. However, stability restricts the size of the

allowable time step. On the other hand, unconditional stability can

usually be achieved in implicit procedures but they do require solution

of a system of equations at each time step. First and foremost, it must

be pointed out that a purely explicit procedure is not appropriate for

£ ithe problem at hand because of the unreasonably stringent time step

1./ ~ restriction resulting from the presence of the overly stiff fluid in the

mixture (even for highly nonlinear solid material models). Methods that

combine the attractive features of explicit and implicit integrations

have recently been developed. The methods used here fall under the

category of "split operator methods." In operator splitting methods, an

implicit integrator is selected as the starting point and the integrand

(right-hand side in Equation 19) is split so that the system of equa-

tions solved is reduced. The specific choice made is obviously problem

dependent as discussed further.

Symbolically, the discretized equations of motion (Equation 19) can

be written as:
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Ma + C v + N(d,v) F (26)

where M, C, N, a, v, and d are defined by Equation 19 in an obvious

manner. Time integration is performed by using the implicit-explicit

algorithm of References 35, 18, and 19, which consists of satisfying the

following equations:

a I Vl+cE-n- NIdn'Vl ) "
M + v +N(d (27)
Nn+l + C'Vn+1 + C~n+1 n+l n+1

+ ~ Fext
n+ -.n+l'-n+1+ a A

dn~ = dn~ + aAt 2 a
n~l n+1 n+1

n+1 + + an+

where:

nl = d + At v + (1 - 2P) A t2
~nl n ~n 2 ~!n

vn+ 1 = v + (1 - a) At a~n ~n

and the superscript I and E refer to the parts of C and at are treated

as implicit or explicit, respectively. The notation is: At = time

step; Fext = Fext(tn); d , v and a are the approximations to d(tn)
n) ' Z n n

(tn), and a(t ); or and P = algorithmic parameters that control

accuracy and stability of the method. It may be recognized that

Equations 27 and 28 correspond to the Newmark formulas (Ref 36). The

quantities, d and vn,'are referred to as "predictor" values,_-n+1 -n+1'
while d and v are referred to as "corrector" values. From~n+1 ~n+1

Equations 26 through 28, it is apparent that the calculations are

rendered partly explicit by evaluating part of the viscous contri-
E  E

bution C vn+1, and the force, N , in terms of data known from the

previous step.

Calculations commence with the given initial data (i.e., d and-0
v0) and a0, which is defined by.
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a =:Fo C v - N(doo) (28)

since M is diagonal, the solution of Equation 28 is rendered trivial.

Implementation

At each time step, Equations 26 through 28 constitute a nonlinear

algebraic problem that is solved by a Newton-Ralphson type iterative

procedure. The most useful and versatile implementation is to form an

"effective static problem" from Equations 26 through 28 in terms of the

unknown an+11 which is in turn linearized. Within each time step, the

calculations are performed as summarized in Table 1 in whichCI and KI

denote the parts of the damping and tangent stiffness operators, respec-

tively, to be treated implicitly.

The following choices have been found most appropriate:

Incompressible Fluid (Penalty Formulation). In this case, CI is

selected to contain both the momentum transfer and the penalty term

""Z + Cs  -Z + Cs

-C T : w] (29)
Z +W +C

where: C( = s, w) = damping matrices arising from the penalty
treatment of the fluid contribution as.

AB Or w n U no A BC =f N .iN .jCDQ (30)

The convective fluid force (see Equation 24) is usually small and is

treated explicitly with no resulting computational difficulty. Note

that since Csw = (Cwa lT the resulting is symmetric for the choice

adopted here.

As for the solid stress force (Equation 23) contribution to the

equations of motion, three options are possible: "implicit," "explicit,"

"p or "implicit-explicit" treatment. The choice is made as follows:

16



Wave Propagation Type Calculations. Very short time scale (and

high frequency) solutions are sought and an explicit treatment of the

solid effective stress contribution is usually found most appropriate in

this case. The time step size restriction resulting from stability

considerations, is of the same order as the one resulting from accuracy

considerations for nonlinear material models. Further, the specific

*. implicit treatment adopted for the fluid contribution allows the calcu-

lations to be carried out at a time step usually close to the time step

corresponding to the propagation of the solid compressional wave through

the solid phase of the critical element.

Vibration Type Calculations. Since the frequencies captured are

usually much higher than above, an implicit treatment of the solid

effective stress contribution is usually convenient in this case since

it allows the time step to be selected following accuracy considerations

only. Unconditional stability is achieved by selecting the proper

algorithmic parameters as discussed later. However, for nonlinear

analyses, a purely implicit treatment requires a maxtrix reform/

factorize at each time step (and for every iteration to be performed, in

general), thus producing a considerable computational burden. It is

therefore convenient, in the nonlinear case, to adopt an implicit-

explicit treatment of the effective stress contribution as follows: The

linear part of the stiffness is treated implicitly while the remaining

nonlinear part is treated explicitly. For that purpose, a solid stiff-

ness operator is defined from Equations 9 and 23 through linearization

as:

s G

K = (31), s 0 0:Z

where: K = material tangent part

KG = "initial stress" or geometric part, formed from the tensors

Ds and 0G (Equation 9) in the usual manner (see Ref 16).

17
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Table 1. Flow Chart

1. Initialization:

i =0

Q1 Q2 = 0

2. Predictor Phase:

d(i)-

* Ci) -

-n.l -n+l

(i) 0

3. Form Effective Mass: (Reform and factorize only if required)

M* = M+ At aC' + At

4. Form Residual Force:

AFMi F ext- M a' - (i) - N(d~j v
n1 - n+1 -n+1 -n1-1

5. Solution Phase:

M* A aC1) - F

6. Corrector Phase:

(i+1) - i) (i)
n+1 Aa

(0+1) - + )

nl n+1 + t -tan+1

0+ -+A 2 (1+1)
-n+1 -n-1 -ni-1
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C. -

Table 1. Continued

7. Convergence Check: (only if i > 0)

Q2 = QI

Q = AMAX(Q1,Q2)

Mf NF( i ) Ik(0)II < TOL* .AND.

Q A~i~j/j~a('j (I-Q)TOL*) GOTO 9

Otherwise; continue

8. i - i + 1; GOTO 3

9. n - n + 1 ; GOTO 1
' %

*Typically, TOL = 3

'9

Sf,'%
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In the implicit-explicit procedure:

[ KI = E (32)

swhere: K = linear elastic contribution to the material tangent
stiffness (from Equation 10).

Such a choice does not always lead to unconditional stability. The

difficulty is not usually associated with the explicit treatment of KG

(which contains terms of the stress order and therefore usually has a

negligible impact on stability), but rather from the explicit treatment

of the nonlinear term (KS K_ for materials with a locking tendency.

In that case, care must be exercised in selecting a time step smaller

than the one associated with the fastest expected wave speed correspond-

inq to the subsequent stress histories to be followed by the material

elements

Diffusion Type Calculations. It is sometimes desirable to capture

the purely diffusive part ("consolidation" part) of the solution

"dynamically " Such a necessity arises in situations in which both short

and long time solutions to a dynamical problem are sought (such as in

seismic or blast induced liquefaction simulations). As shown in Refer-

Pnces 14 and 16, by switching to an appropriate choice of the Newmark

parameters, 3 1/2 and 1 1, and by using the implicit-explicit option

described above, all dynamic transients can be damped out, and purely

diffusive (consolidation) solutions can be obtained "dynamically" by

solving the dynamic equations.

The penalty treatment of the storage equation constraint requires
W

that k be selected as a "large number" capable of predominating the

other moduli It should be picked according to the relation:

! n ww +C Max Vn 2t(k 5  2 2 (33)
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where: C = a constant that depends only on the computer word length.

Numerical studies reveal that for floating-point word lengths of 60 to

64 bits, C = 107.

It has been determined, on the basis of numerical experiments, that

it is better to use reduced integration of the penalty terms and of the

solid volumetric stiffness (div vs contribution) to alleviate potential

* mesh locking phenomena.

Compressible Fluid. In this case, CI contains the momentum trans-

fer term contribution to the equations of motion, viz.,

C T (34)

and the convective fluid force is treated explicitly.

Again, the fluid pressure contribution is treated implicitly. For

this purpose, a fluid stiffness operator is defined from Equations 14

and 19 through linearization as

K = (35)

Where C(Y (a, p=s, w) are the same matrices as previously defined in

Equation 31. However, note that in this case, the matrices contribute

to the stiffness matrix rather than to the damping matrix.

The same options as described previously for the solid stress force

contribution to the equations are used. Note that in the implicit-

explicit procedures,

K' E (36)

which again is a symmetric matrix.
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Stability. The resulting stability conditions (Ref 35) are sum-

marized: In all cases a > 1/2:

1. Implicit Treatment: Unconditional stability is achieved if 0 >

_a/2 and it is recommended that (Ref 37):

1 2
_ a+ 2

4 (37a)

2. Implicit-Explicit Treatment: The time step restriction is

W At < 2 (37b)

to maximize high-frequency numerical dissipation. , w = highest natural

frequency associated with the explicit part of the stiffness operator.
The maximum expected frequency may be bounded by the frequency of the

smallest element, viz., for a rectangular four node bilinear element,

,..w = 2- C3c;' ' -C ( 370
L

where: L = smallest dimension of the element

C = wave speed ( = As + 2 ps)/p s for the linear model).

Program DYNAF LOW

Equations 19 through 37 have been incorporated into the finite

element computer program DYNAFLOW (Ref 38). Numerical results that

illustrate the performance of the proposed numerical schemes in

analyzing the propagation of plane progressive waves (Ref 39, 1, 29, 26,

40, and 41) in fluidsaturated porous soil media have been reported in

Reference 13. In Reference 13 both compressible and incompressible

fluid cases are considered. In the following, attention is restricted

to vibration calculations in soil-structure interacting systems associa-

ted with seismic events in which the pore fluid may be assumed to be

incompressible (compared to the compre:sibility of the soil skeleton).

22
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In the calculation reported the four-node bilinear isoparametric

element (see Ref 43 and 33 for a detailed description) is used with the

standard selective integrations scheme (Ref 43). Also, the Newark

algorithmic parameters are always selected such that a > 1/2 and

= (a + 1/2)2/4 to maximize high-frequency numerical dissipation

(Ref 37).

Time integration of the semi-discrete finite element equations is

performed by using the implicit-explicit, predictor-(multi) corrector

option. The structural domains and the fluid phase are always treated

implicitly, whereas the solid skeleton phase is treated partly

implicitly, partly explicitly. Specifically, the "elastic" part of the

solid stiffness is treated implicitly, whereas the elastic-plastic part

of the stiffness is treated explicitly. Such a choice allows time

integration to be performed most efficiently for cases in which many

load/unload cycles occur, such as during dynamic events.

V In order to simulate realistic initial conditions for the stresses

and strains in the soil deposits before input of the earthquake like

ground motions, in all the example problems reported, the numerical

simulation was carried in at least two sequential steps:

1. Installation of Soil Deposit. This step in the numerical

simulation was designed to simulate realistic initial conditions. The

computed gravitational stresses/displacements/pore-water pressures were

used as initial conditions for the ground motion calculations.

2. Ground Motion Simulation: The computed gravitational stresses/

displacements/pore-water pressures computed in the first sequence were

used as initial conditions for the ground motion calculations. In order

to avoid the initial propagations of any spurious noises, the accelera-

tion array was first cleared before activating the ground motion. Also,

the algorithmic parameters were reset to a = 0.65, p = 0.33 (slightly

diffusive), the time to zero, and the time step, At, selected to

properly follow the details of the stresses (and pore-water pressures)

"at rest" before input of the ground shaking. For that purpose, small

initial stresses were first input in the soil deposit and gravity was
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turned on. A number of steps (and iterations) were used to apply

gravity with a large enough time step, At, to ensure: (1) that no

excess pore-water pressures (over steady state conditions) would build-

up., (2) full development of effective stresses in the foundation soil

would occur; and (3) that no transients would occur. For that purpose,

a backward scheme with high numerical dissipation was used to damp out

all transients setting a = 1.50 and P = 1.00. Iterations (Newton-

Raphson or modified Newton-Raphson) were used to ensure proper con-

vergence of the solution at each time step.

Post-Dynamic Event Simulation

In saturated soil deposits, excess pore-water pressures usually

buildup and do not have time to fully dissipate within the time frame of

the earthquake. Subsequent redistribution and diffusion of these excess

pore-water pressures following the dynamic event are often of interest

since they may lead to failures (e.g., in earth dams where failures have

been recorded in the field several minutes to several hours following

the earthquake). It is, however, usually inefficient (costwise) to

capture numerically the post-event behavior with a time step designed to

follow the details of an earthquake motion. Therefore, in the follow-

ing, post-dynamic events have been calculated by resetting a = 1.5 and

1.00 (highly diffusive backward) and by selecting the appropriate

time step, At, for capturing the post-event diffusion part of the

solution. (Note. Either constant At or geometrically growing At were

used for this sequence.)

PRINCETON UNIVERSITY EFFECTIVE STRESS SOIL MODEL

Theory

The hysteretic stress-strain behavior of the soil skeleton modeled

by using the effective-stress elastic-plastic model reported by

Professor Prevost (Ref 31). The model is an extension of the simple

24
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multi-surface J2-plasticity theory and uses conical yield surfaces. The

model has been developed for cohesionless soils and tailored to:

.1 1. Retain the extreme versatility and accuracy of the multi-
surface J -theory in describing observed shear nonlinear
hysteretig behavior, shear stress-induced anisotropy effects.

2. Reflect the strong dependency of the shear dilatancy on
the effective stress ratio in granular cohesionless soils.

The model is applicable to general three-dimensional stress-strain

conditions, but its parameters can be derived entirely from the results

of conventional triaxial soil tests.

- Yield Function. The yield function selected is of the following

:- form:

f (s - p ):(s - p )-m p = 0 (38)

2 22

where: s = a - p6 = deviatoric stress tensor

p = 1/3 tr 6 = effective mean normal stress

6 = effective stress tensor

a = kinematic deviatoric tensor defining the coordinates
of the yield surface center in deviatoric stress
subspace ("the back stress")

m = material parameter

tr = trace

The yield function plots as a conical yield surface (Drucker-Prager) in

stress space, with its apex at the origin, and is shown in Figure 1.

Unless a = 0, the axis of the cone does not coincide with the space

diagonal. The cross section of the yield surface by any deviatoric

plane (p = constant) is circular. Its center does not generally coin-

cide with the origin, but is shifted by the amount p a. This is

illustrated in Figure 1 in the principal stress space.
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-. Figure 1. Yield surfaces in principal stress space.

Flow Rule. The plastic potential is selected such that the

deviatoric plastic flow be associative. However, a non-associative flow

rule is used for its dilatational component, and in the following:

tr P - 2 (39)
( in 2)+ 1

where: tr = trace

P = symmetric second-order tensor which defines (in stress-
space) the "direction" of plastic deformations

= (3/2 s:s) /p = stress ratio

material parameter.

When q<n, the trace of P is less than zero and plastic compaction takes

place, whereas when r<, the trace of P is greater than zero and plastic
dilation takes place. The case n = n corresponds to no plastic

volumetric strains. In the following, n = C when tr s <0, and n nE

when tr s 3>0.
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Hardening Rules. In order to allow for the adjustment of the

plastic hardening rule to any kind of experimental data, a collection of

nested yield surfaces is used. The yield surfaces are all similar

*. conical surfaces (Equation 1), and a purely kinematic hardening rule is

adopted. Upon contact, the yield surfaces are translated by the stress

point and the direction of translation is selected so that no over-

lapping of the surfaces can take place (see Reference 31 for more

details).

Each yield surface is associated with a plastic modulus H'. The

dependence of the plastic modulus upon the deviatoric stress is assumed

to be in the following form:

H' - H' H' + H'
H'- C E C E

2 + 2 (40)

where:

-3
tr s
tr s2 s 3(s p )mp 2

and H', H' = material parameters.

Effects of the Effective Mean Confining Stress. The dependence of

the material moduli upon the effective mean confining stress is:

(-p1) n  ( I(p)

G = G1( ) B = ~B p  H' = Hi (-) (41)

where: G = elastic shear modulus

B = elastic bulk modulus

H' = plastic modulus

n = experimental parameter (n = 0.5 for most

cohesionless soils)

G1 B1, H' = moduli at reference effective mean normal stress p1.
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LABORATORY TRIAXIAL TEST SIMULATION - COHESIONLESS SOILS

'pTest Program

To validate the Princeton University Effective Stress Soil Model, a

series of sands were evaluated in both drained and undrained triaxial

tests. The tests were carried out in both extension and compression,

and over a range of confining cell pressures and relative densities. To

eliminate some of the uncertainty as to the effects of sample prepara-

tion and testing procedure on the model's sensitivity, the test data

were obtained from different university experts and the Waterways

Experiment Station.

The material parameters for the Princeton University soil model are

derived from drained triaxial compression and extension data, defined by

shear stress, shear strain, mean stress, and volume strain information.

This information forms the input for the computer Program MUD, which is

an automated procedure to derive the material model moduli and yield

surface parameters. The material model has been implemented into a

one-point equilibrium solution procedure, Program TEST A, to provide a

quick and easy means to evaluate a particular soil model in various

stress states for direct comparisons and evaluation of laboratory tests.

TEST A was used for this portion of the evaluation, which is the simula-

tion of the triaxial test data.

The basic steps performed to evaluate the laboratory test data

were:

1. Select a representative set of drained triaxial tests for which

both compression and extension results are available.

2. Use the results from step one as input to Program MUD to deter-

mine model parameters.

3. Construct the TEST A input, with the output from Program MUD to

evaluate the models representation of input test data.

28

.......................



4. Analyze the stress ratio value in the model parameters to

determine a reasonable estimate of the critical stress ratio value. The

critical stress ratio parameters control the compactive-dilative char-

acteristics of the model, and thus the volumetric strain.

5. Adjust the critical stress ratios through successive TEST A

analysis to optimize the drained model versus undrained prediction

agreement.

6. Once soil model agreement is achieved with the original test

data, the parameters determined to quantify the soil behavior may be

used to predict behavior at different confining pressures and along

different stress paths without further modification.

Monterey "0" Sand

The University of California, Davis, under contract with the Naval

Civil Engineering Laboratory (NCEL) performed triaxial tests on Monterey

"0" sand. Figures 2(a) and 2(b) present the drained compression and

extension results from the triaxial test data that were used to formu-

late the model, and the generated results from Program TEST A. As

noted, agreement is nearly exact. In Figures 3(a) and 3(b) the model
2

parameters determined at an initial confining stress of 1 kg/cm are

used to simulate drained compression and extension tests at an initial
2

confining stress of 3 kg/cm2 . Again, the agreement between predicted

versus observed behavior is very good.

Figures 4(a) and 4(h) present the shear stress-strain and effec-

tive stress path for an undrained compression test. The undrained

stress path agrees almost perfectly, which is a direct indication of the

model's ability to capture correctly, the soils compactive-dilative

characteristics. This in turn generates the positive and negative pore

pressures, and hence the changes in effective stress, which agree very

well with those observed in the actual test. In Figure 4(a) the shear

stress-shear strain comparisons for the undrained analysis are again in

good agreement. ,
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Figures 5, 6(a) and 6(b) are a demonstration of the same material

model derived from drained monotonic triaxial data, predicting an

undrained cyclic triaxial test. As can be seen in Figure 5, the model

does an adequate job of predicting the observed hysteretic behavior.

There is a minor difference in initial stiffnesses between predicted and

observed behavior caused by a discrepancy in tracking initial volumetric

test data. This could have been improved by providing added definition

to the initial portion of the test data but was judged satisfactory as

it is. Note the general agreement between the stiffnesses in both

loading and unloading, which demonstrates correct energy dissipation in

each cycle. In the stress path plot in Figure 6(a) the same degradation

per cycle is demonstrated. Note the number of predicted cycles to

failure is 4.5, this agrees well with the observed 5.5 cycles. The

overall generation of pore water pressure is in good agreement as well,

which is shown both in the decline in effective stress to failure in

Figure 6(a), as well as in the maximum level attained, Figure 6(b).

NOf

/f

/

//

_ +,

Figure 5. Undrained cyclic analysis Monterey "0" sand confining
cell pressure 1 kg/cm 2 , shear stress-vertical strain.
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A
Leighton-Buzzard Sand

Triaxial tests on Leighton-Buzzard sand were performed by the

University of California, Davis, under contract to NCEL. Figures 7(a)

and 7(b) show the drained, monotonic compression and extension com-

parisons. Figure 8(a) shows the undrained shear stress-shear strain

data, and Figure 8(b) shows the undrained stress path from the same

test. The model in this example predicts a softer initial response with

a smaller generation of pore water pressure than the recorded test data,

but these differences are well within the ranges of acceptable differ-

ences between two laboratory tests.

The simulation of the undrained cyclic test from the monotonic

model again shows good agreement in producing an accurate assessment of

energy dissipation and failure state. The model in this case predicted

1.75 cycles to failure compared to the observed failure at 2.75,

(Figures 9, 10(a) and 10(b)). The final effective stress values and

pore water pressures are in good agreement as well.

Silica Sand

Silica sand was tested at the University of California at Los

Angeles, under contract with NCEL. Figures 11(a) and 11(b) show the

reproduction of the drained triaxial compression and extension data used

to generate the material model. As would be expected agreement is very

good. To demonstrate the model's ability to predict tests at different
confining cell pressures, simulations were run at 5 kg/cm2 and I kg/cm

the results are plotted on Figures 12(a) and 12(b), respectively. Again

generated curves are in very good agreement with the observed results.

Figures 13(a) amd 13(b) show the model's ability to simulate a sub-

stantially different stress path. The data plotted in these figures is

from a drained uniaxial test (k ) where vertical stress is increased
0while holding horizontal strain at zero. The model uses the same para-

meters used to predict the standard drained and undrained tests for the
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silica sand. Shear stress-vertical strain agreement and volume stress-

volume strain agreement are very good. In addition to the uniaxial

test, a proportional loading test was run. The results are presented in

Figures 14(a) and 14(b). The initial computed stress path deviates

slightly from the observed data, however, the results do present a

reasonable simulation of the actual test once the initial anisotropic

stability is reached.

Figures 15, 16(a), and 16(b) present an undrained cyclic triaxial

simulation using the same drained monotonic model used throughout the

analysis of the silica sand. The model predicts liquifaction in 4.7

*cycles as compared to measured values of 5.7 and 3.4 in two identical

laboratory tests. Rates of energy dissipation and pore water pressure

generation are again in reasonable agreement, and as in prior analysis,

the failure state of the soil is captured quite well.

In addition to the determination of model parameters from the

consolidated drained tests where volume strains are measured, analyses

were performed to predict drained and undrained tests from an undrained

model. In an undrained test, the volume strain is held constant (i.e.,

to zero) and excess pore water pressure is developed. This pore water

pressure is a result of the skeletal deformation, which is an indication

of the degree of skeletal volume strain.

Program MUD was used with undrained test data to develop the model
parameters. (Previously drained data was used.) These parameters were

then used to predict drained tests. The results of the undrained model

for silica sand are presented in Figures 17(a) and 17(b). The compres-

sion and extension results both agree very well with the actual test

data, and the previous results calculated using the model formulated

from drained data (Figures 11(a) and 11(b)).

The undrained model predicting undrained compression is in good

agreement with the data and drained model predictions. There is a

slightly larger pore pressure build up in the undrained model (Fig-

ures 17(a) and 17(b)) shown by the larger decrease in effective stress

presented in the stress path plot (Figure 17(b)).
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Miesers Bluff Sand

The Miesers Bluff sand was tested at the Waterways Experiment

Station Geotechnical Laboratory. Figures 18(a) and 18(b) show the

drained test data used to generate the model and the computed results.

Figures 19(a), 19(b), and 20 present the model's ability to predict the

drained response of the material over a range of confining pressures

from 0.14 MPA to 6.9 MPA based upon the model parameters determined at

3.45 MPA. Again agreement is very good across the entire range of the I
drained analysis. Unfortunately, many of the reference curves lack

definition, because the test data used for this series had to be

digitized from hard copy plots.

Figures 21(a) and 21(b) present an undrained simulation run at a

confining stress of 3.45 MPA. Note that the trends of this particular

sand are well modeled with reasonable accuracy, but due again to the

coarseness of the digitizing process, both the test data and, therefore,

model predictions of stress strain behavior may be somewhat in error.

Figures 22(a) and 22(b) present the results of an additional undrained

test run at 1.72 MPA. Again, note the agreement between the predicted

and observed behavior.

Figures 23 and 24 represent an undrained cyclic triaxial simulation

of the Miesers Bluff sand. Cyclic test data were not available for this

analysis but the simulation was included for completeness.

SENSITIVITY OF PARAMETERS

Critical Stress Ratio

The critical stress ratio (CSR) is the parameter in extension or

compression which determines the stress state at which there is a change

between compactive and dilative volume strains. Adjustment of this

parameter has little effect on the shear stress-strain curves in the

drained simulatinn, but does make significant changes in the amount of

volume strain qenerated by the model. An example of varying the critical

48



W0

stress ratio by ±6% is presented for a drained test using the silica

sand model (Figures 25(a) and 25(b)).

Figures 26(a) and 26(b) present the results of the same modifi-

cation in the critical stress ratio during an undrained simulation.

Note the significant changes in strength caused by the 10% increase in

critical stress ratio leading to a prediction of near total loss of

strength. Decreasing the value of the stress ratio by 6% more than

doubles the amount of shear strength developed. Figure 26(b) presents

the stress paths associated with each of the modifications. Note that

each of the models follows essentially the same path up to the point of

contacting the critical state line. At this point, if the sample has

not begun to dilate, it then loses strength by moving toward zero

effective stress.

Elastic Moduli

Figures 27(a) and 27(b) demonstrate the effects of varying the

elastic moduli for all surfaces in the drained material model by ±25%.

The effects on the shear stress-strain curves are minimal; however,

there is a more significant change in the degree of compactive volume

strain generated. Note as well, the changes in volume strain are not

equivalent for both cases. This is caused by an increase in plasticity

associated with the decreased elastic stiffness necessary to reach the

same load level. The increased elastic stiffness in turn, allows the

given load to be reached at a smaller strain level, but does not

decrease the plastic strain to the same degree. Figures 28(a) and 28(b)

present the effects of the same variation on the undrained simulation.

Plastic Moduli

Varying the plastic moduli for all surfaces has significant effects

on both the drained and undrained simulations (Figures 29 and 30). A

greater change appears as a result of increasing the plastic moduli for

each yield surface than by decreasing it. The effect is two-fold in
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that it not only increases the overall stiffness of the system in the

drained simulation (Figure 29(a)), but decreases the overall compactive

volumetric strain as well (Figure 29(b)). These factors both contribute

4- to the greatly enhanced stiffness in the undrained simulation

(Figure 30(a)) by improving the skeletal response while at the same time

decreasing the excess pore water pressure generation.

Reducing the plastic moduli has less eifect in both drained and

undrained simulations causing a slightly larger amount of compaction

before dilation begins. This produces a moderately softer system in

both the drained and undrained environments.

~Yield Surface Size

Changing the yield surface size changes the shear strength values

which may be achieved at a particular strain level. Figures 31 and 32

clearly demonstrate this property of the model.

In the drained analysis (Figures 31(a) and 31(b)), increasing the

yield surface size decreases the shear strain at a particular level of

shear stress, and reduces volumetric strains not by a change in moduli

values, but rather as a result of changing the position of compactive-

dilative interchange in relation to the original critical surface

position. Reducing the yield surface size results in the reaching of

the various surfaces earlier, at reduced stress levels, and induces

greater amounts of plasticity. At the same time, the reduction also

moves the compactivedilative point outside the outermost surface,

allowing large compactive volumetric strains to occur (Figure 31(b)).

In the undrained simulation (Figures 32(a) and 32(b)) the two-fold

effect of a stiffer skeleton and reduced volumetric strains are present.

'.. The increase in yield surface size produces a stiffer system with a

reduction in positive pore water pressure generation before dilation

begins. The reduction in size causes an early generation of volume

strains and positive pore water pressures, coupled with a softer system

resulting in the zero effective stress condition.
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Yield Surface Position

Variation of yield surface position has equal effects in both

drained and undrained simulations (Figures 33 and 34). By moving the

surfaces in a positive direction, the system is stiffened by changing

the points at which the load path intercepts - particular surface,

i.e., the path achieves greater stress levels with less plasticity

before impacting the next surface, thereby, remaining at a given stiff-

ness through a larger strain increment. By moving the s,!rface position

in a negative direction, the load path then intercepts a particular

surface at a smaller stress increment, and induces greater amounts of

plasticity, effectively softening the system.

Effects on the undrained simulation are presented in Figures 34(a)

and 34(b). Qualitatively, the changes produce the same response as

demonstrated in the drained simulation.

LABORATORY TESTS - COHESIVE SOILS

Kaolinite I

The triaxial tests for the kaolinite clay fitted in Figure 35 were

performed at the University of California, Davis. The model parameters

for the kaolinite were derived from the consolidated undrained triaxial

compression and extension tests. Figures 35(a) and 35(c) present the

redictiuns for shear stress versus shear strain. There is some dis-

crepancy in the predicted ultimate strength in compression which may be

attributed to the error involved in digitizing the data points for the

*, effective volume stress based on the stress path plots of the original

data The extension predictions in Figure 35(c) are in excellent

aqreement with the measured valjes. The stress path predictions

presented in Figures 35(c) and 35(d) show the same behavior as were

demonstrated in the shear stress strain plots, with acceptable agreement

in both cases. Better agreement may be achieved by increasing the

66

-. .. 2 .. .. . . . . .. M 4. . .. . . . . .j



number of yield surfaces in the initial portion of the loading. This

requires better data definition and a much finer digitizing process.

Kaolinite II

The soil data used in this section are part of the data which were

collected by the organizing committee of the National Science Foundation

North American Workshop in soil engineering held May 28-30, 1980 at

McGill University, Montreal, Canada and reported in Reference 40. Axial

test data on the laboratory prepared kaolinite clay had been provided.

Predictions about the constitutive behavior of the soil subjected to

loading stress paths not identified in the data had been requested and

their analysis compares the model predictions with observed behavior in

the tests.

The dashed lines in Figure 36 show the experimental results

obtained in conventional triaxial undrained monotonic axial compression/

extension soil tests and the solid lines show the design curves used to

determine the model parameters for that clay. Some data close to

failure have been ignored in selecting the design curves because they

are not consistent with the rest of the data. This inconsistency may be

due to experimental difficulties in capturing failure states in stress-

controlled testing devices.

The experimental tests had been conducted on cylindrical samples in

a torsional shear testing device. All samples had been unisotropically

consolidated to insitu conditions and all the tests were stress con-

trolled and performed under undrained conditions.

Figure 37 shows model predictions for a torsional shear test in

which the major principal stress was inclined at 8 = 15 degrees, rela-

tive to the vertical axis of the soil specimen (Ref 40). Figure 37 also

siows a comparison between predicted and observed behavior of the soil

in these tests. Note that all the model predictions agree well with the

experimental test results (Ref 40).
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LABORATORY CENTRIFUGE TESTS

Analysis of Model Tests

The objective of this work was directed at examining the pyedictive

capabilities of the Princeton University Effective Stress Soil model.

Of particular interest are the validity of the numerical model in

capturing the generation and dissipation of excess pore-water pressures

in saturated sand deposits during and after earthquakes, and its per-

formance in dynamic soil-structure interaction problems. The most

appropriate method for such a validation study would be to field data

from instrumented prototype situations. However such a study is pre-

empted by the nonavailability of field data. In the absence of actual
prototype earthquake field data, an alternate method of validation is

provided by analyzing centrifugal soil model tests. Although imperfect

in many respects, it is felt that dynamic centrifuge soil model tests

can still provide a valuable data base for calibration of numerical

procedures. A number of dynamic centrifuge soil model tests have been

reported in the literature. The particular tests selected for this

calibration study have been reported in References 21, 22. 23. and 24

Monterey and the Leiqhton-Buzzard sands were used in these tests The

basic plan developed to achieve the research object ve is simMar,,ed -i

fol lows

,eIect a part I( o 1aI , orl t t kt V P m(ole) Wh' r t- , ! . ,' .

priateiv fits obse, vel '0t' eha ,', 'V o ,,ve ,

tv a a I t Ps t

e t eni. rm iret' P. t' he ,( I *il li

4., t 'e 44..* 4 '44*

4-.%

16$ -44 ,n



A summary of major input parameters for each of the centrifuge mode'

test series is given in Table 2

.: Effective-Stress Soil Model Parameters The effe(tve-,te-. ,

mOdeI (Re f 3 1 s designed such that al It- requ ,ed afa ete' d mt , t .

der iv ed f ,om the ,esults L) f t andad dra I ned Comes op r te te-'

t t' 'd , ' > No.t dlat 'he ,-p .j! tv-oUTM ttle , r t' '

test" O r10{ teOl Or "emoll dedl Morntt e,-e, j rid Le 'hto - B; I ,I,~ j, t-

- "e et(' I A ,t - A)-O the ,, e),, e' ( ,p e t a t o,, e p e' mc .1#,
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Table 2. Summary of Analysis Cases

,T--

Time Step ALGO* NITER
Siz . I NTS (Newmark (Solution NFACse). Integration (Maximum)Paraseter Algorithum)
.-se,) Parameter)

A. 30 [ 1800 0 15 1.5 1 10 -

0 025 200 0.65 0 5 10
H'

- , .0 025- 35 1.5 1 10
0 500

. , .r 1800 0 15 1.5 1 10 -

0 07267 160 0.65 0 5 5
. : :,, HzI

.. ' ,1000 0 20 1.5 1 10

" 5. 0 125 80 0.65 1 10

I At 0 125 40 1.5 1 10

A5 . a1 1000 0 1 1.5 0 10 ]

"A. nQ 0 08333 192 0.65 0 5 1
4U' , .4 - r ) IZ
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Table 3. Soil Parameters

Monterey "0" Sand - Dr = 40%

3 3Ps = 2.64 x 10" kg/m 3  (mass density, solid grains)

Pw = 1.00 x 103 kg/m 3  (mass density, fluid phase)
n = 0.43 (porosity)

10 m/sec (permeability)

Oc = 340 (friction angle; compression case)

= 17.60 (friction angle; extension case)

g1/p1 = 800.00 (elastic shear modulus)

B1/p1 = 533.33 (elastic bulk modulus)

P1 = 9.81 x 104 N/m2  (reference pressure)

n = 0.50 (power exponent)

-c = 1.20

rE = 0.60

Yied Surface (H )llPl (H )i/Pl

Number a /

1 0.08937 0.08937 1181.00 1581.00

2 0.18613 0.18610 524.40 813.60

0.14217 0.40800 116.90 210.50

0 19995 0.49770 69.15 142.40

26444 0 63710 23.46 57.76

'6570 0 81520 3.14 10.08

S ,' 90910 1.11 4.21

'6990 0.52 2.17



Table 4 S0oil Parameters

Leighton-Buzzard 120/200 Sand - Or S5%

3 3

pS 2 73 10lO kg/rn (mass density, solid gjrains)

0 00 x 10 kg/r (mass density, fluid phase)

n = 0-47 (porosity)

-3
k = 2-5 x 10 m/sec (permeability)

t = 34.350 (friction angle; compression case)

E = 21 140 (friction angle; extension case)

gl/Pl = 500. (elastic shear modulus)

B1/Pl = 333.33 (elastic bulk modulus)

4 2
P1 = 9.81 x 10 N/m (reference pressure)

n = 0.50 (power exponent)

= 1.30

qE = 0.80

Yield Surface
Number m (H )i/Pl (H )i/Pl

1 0.03099 0.06582 966.80 1168.00

2 0.06261 0.14300 357.70 459.20

3 0.09681 0.26590 219.40 337.30

4 0.08969 0.32670 162.00 265.40

5 0.15857 0.50160 42.03 81.95

6 0.23864 0.63800 17.47 41.31

7 0.27796 0.76120 7.60 21.99

8 0.32030 0.9023 3.78 13.21

9 0.32580 0.9930 1.17 4.47
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Figure 38. Undeformed mesh soil column (Monterey "0" sand).

pore-fluid is allowed to take place through the rigid bottom boundary
(nor the side boundaries) and the ground shaking is applied as a

horizontal sinusoidal input acceleration at the bottom boundary nodes.

The permeability (Table 3) used in the simulation k = 5 x 104 x

100 m/sec in order to correct for the fact that in the centrifuge (at

100 gs) diffusion of pore-water takes place 100 times faster than in the

corresponding prototype.

Figure 39 shows the computed horizontal acceleration t - histories

at the bottom (Figure 39(a)) and at the top (Figure 39(b)) of the soil

column for an input horizontal base acceleration with an amplitude

0.285 gs and a frequency of 5 Hz. The results for 25 cycles of loading

(5 seconds of shaking) are reported in Figure 39. Note the strong
modification of the signal computed at the surface as a result of its

passage through the saturated soil deposit. The computed maximum sur-

face acceleration compares favorably with the recorded value in the

test.
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Figure 40 shows the computed vertical motion at the surface. As a

result of the shaking, excess pore-water pressures build up and partly

dissipate in the soil column. These in turn generalize vertical motions

(via volumetric strains in the soil skeleton). Although small, the

computed vertical acceleration (Figure 40(b)) at the top (0.0377 g) is

not negligible and is about one-half the horizontal peak acceleration.

Figure 40(a) shows the resulting settlement of the soil column that

accumulated during and after the shaking as excess pore-water pressure

is being dissipated from the column. The computed ultimate settle-

ment = 24 cm.

Figure 41 shows the computed excess pore-water pressures, vertical

J.. effective stress, and shear stress time histories at various depths.

The plots have been normalized by dividing the quantities of interest by

the initial vertical effective stress. In Figure 41(a), h = 0.51 meter

and in Figure 41(b), h = 10.66 meters where h = distance from the bottom

boundary (close to points B and A in Reference 21. Note the computed

increases in pore-water pressures. In Figure 41(a), Au/a' 0.69 and
vo

in Figure 41(b), Au/a' = 0.85 compares most favorably with recorded

values ir. the test (0.74 and 0.86, respectively). Note the diffusion

taking place after the base motion has stopped.

Leighton-Buzzard Soil Column Test

The test procedures and test results are reported in Reference 23.

The sand was rained in water, in a stacked-ring apparatus. The model

was tested on a centrifuge at a centrifugal acceleration of 35.5 gs, and

subjected to a decaying sinusoidal base acceleration. The corresponding

prototype situation is analyzed. The particular test selected for

analysis is referred to as PL-3A in Reference 23.

As in the previous section, the test is intended to simulate free-

field conditions in a horizontally layered soil deposit, and the same

analysis procedure was used. Figure 42 shows the finite element mesh.

Ten equally spaced elements are used to simulate the 10.8 meters of the

sand column (12-inch model at 35.5 gs). The water table iq located at

the ground surface. No drainage of the pore fluid is allowed to take

8%
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Figure 42. Undeformed mesh soil column (Leighton Buzzard sand).

.- *jplace through the rigid bottom boundary or the side boundaries, and the

ground shaking is applied as a horizontal input acceleration at the

bottom boundary nodes. The permeability (Table 4) used in the simula-

tion is k = 2.5 x 103 x 35.5 m/sec to correct for the fact that in the

centrifuge (at 35.5 gs) diffusion of the pore water takes place 35.5

times faster than in the corresponding prototype.

Figure 43 shows the computed horizontal acceleration time histories

at the bottom (Figure 42(a)) and at the top (Figure 42(b)) of the soil

column for an input horizontal base acceleration with a peak amplitude

of 0.20 g and a frequency of 1.72 Hz. The results for 15 cycles of

loading (9 seconds of shaking) are reported in Figure 42. Note that as

a result of the massive liquefaction occurring in the underlying strata,

the motion is not transmitted to the surface after about 2 seconds of
shaking (1.16 cycles of loading) as observed in the test. Surface

accelerations were not measured in the test, which make direct com-

parison with the predicted time history shown in Figure 43(b)

impossible.

Figure 44 shows the computed vertical motion at the surface. Very

little liffusion takes place and the resulting vertical motions and

settlement are very small (7.3 cm).
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Figure 45 shows the computed excess pore-water pressure, vertical

effective stress, and shear stress time histories at various depths

The plots have been normalized by dividing the quantities of interest by

the initial vertical effective stress In Figure 45(a). h = H/3 and ini

Figure 45(b), h = 2H/3 from the bottom boundary, where H = 10 8 meters

height of soil column. Note the rapid increase (in almost one cycle of

loading) in pore-water pressures and associated liquefaction of the soil

column, which result in no shear being transmitted through the column.

The predicted massive liquefaction of the column was actually reLorded

at the test of the same time, and resulted in failure of the stack-ring

apparatus.

Brass Footing Test

The test procedures and test results are reported in Reference 24.

The soil was Leighton-Buzzard 120/200 sand. The soil deposit was placed

in a stacked-ring apparatus by pluviating the sand in layers into water

and then rodding to achieve the desired density. A brass footing with a

diameter of 113 mm was placed on top of the saturated sand deposit

(height = 151 mm, diameter = 406 m) and tested on a centrifuge at a

centrifugal acceleration of 80 gs. The deposit was then subjected to

sinusoidal base acceleration. The corresponding prototype situation was

analyzed.

-. Figure 46 shows the finite-element mesh used for analysis, pore-

-" pressures, and vertical stresses at measured points and a comparison of

measured and computed results. The soil is discretized by using

-Z -240 elements and the brass footing by using two rows of 10 elements

each. The soil parameters are given in Table 4, and in the analysis

-3k = 2.5 x 10 x 80 m/sec to properly scale diffusion time. The brass
" 1//3 3

-. footing is modeled as a one-phase elastic solid with p = 8.5 x 10 kg/i

(mass density); E = 1012 N/m2 (Young's modulus), and v = 0.0 (Poisson's

ratio). A static pressure is applied to the top of the footing to

achieve a static bearing pressure of 1.30 x 105 N/m2 in the test (at

80 gs).

,-.

87

'5%

'.4A A



,. .%"

L .,,
p ,,,.5

.5,°'

pum.

" 4. r.- ,
5,Jjj q .j j , . IJ; j ;ti .

5,li 1

Fiue4 . Nrmlzdpr resrs etia tes ndsersrs
(LihtnBzzr sn)

. . ."k .,. c k. ',1' .r; ; ;, / .: ' * .:. :c :;



V%

A -.

4~ 14

'4#

0 0

)- 44(' ',

1) 4 0 0,'04iU A)4 AIR I 2, 0 (4 tI.N 1.2

((yI|r III'F)I) il |' A. omponenf (Ax 10)

P'ed k I rI P r e.,,ure- kp )

o a t 1 o n mI0) L t I Meas ured

1 20 20

2 30 30

3 30 25
4 1% 12

5 50 6)

6 40 60

Figure 46. Undeformed mesh, brass footing, computed vertical stress,

and pore pressure.

89

SIN-,
- - - -



The water table is located at the ground surface. Drainage of the

pore fluid is not allowed to take place through the rigid bottom

boundary or the lateral side boundaries. A ground shaking is applied as

a horizontal sinusoidal input acceleration at the bottom boundary nodes.

with a maximum acceleration = 0.17 g and a frequency of 1 Hz fo

10 seconds (10 cycles).

The stacked-ring apparatus is used to simulate free-field cor)d"

tions, therefore, the same procedure as used previously in the sL

column test simulations was used. Specifically, the same equa ,

number was assigned to each nodal degree of freedom on the Aimt

horizontal plane for the two side boundaries.

Figure 47 shows the computed horizontal acceleration t'me

at the bottom (Figure 47(a), node 131) of the soil depos,' '

top (Figure 47(b), node 285) of the brass footing on the P--

Note that as a result of the dynamic soil-structure -t",4

recorded motion on the footing is different from the *

base.

Figure 48 shows the computed vertical acceea..

at the left corner (Figure 48(a), node ' '.

node 285), and right corner (FigurE, 48tc . .

Note that as a result of the horizornta'

are imparted to the footing F'qure 4q . .

vertical displacements at the e

(Figure 49(b)), and right ,

test, the settlement nce&

the :king continue( , ,

after the hakiuj i * , ,

9,. Howepr, the "v~
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different preparation techniques, resulted in differences in void ratios

for the respectivw soils. This factor effects the soils ultimate

strength and moduli. The computed results showed stress levels on the

relatively flat yield portion of the stress-strain diagram where small

increases in loading results in large increases in displacement. The

actual centrifuge loading conditions remained slightly below those which

would generate "flow-type" strains and large displacements. In addi-
*.4 Wk*

tion, the authors (Ref 24) acknowledged difficulties in precisely

controlling the properties of the centrifuge soil deposit.

These factors combined to generate computer simulation which,

though only moderately weaker in ultimate strength, caused much larger

strains, hence, displacements to be generated to reach an equilibrium

state of stress.

Figure 50(a, b, and c) shows the deformed mesh at t = 5 seconds,

10 seconds, and 15 seconds.

Figure 51 shows the contour of the pore-water pressures at

t = 0 seconds, 10 seconds, and 15 seconds. Note that as observed in

the test, in the "free-field" close to the sides, the pore-water pres-

sure rises quickly (Figures 51(b),(c)). Directly under the structure,

the pore-water pressure increase is slower and always remains smaller

than the pore-water pressure in the free-field at the same elevation

(Figures 51(b), (c)). Immediately following the shaking, the excess

% porp-water pressures dissipate rapidly and reach their steady state

conditions 5 seconds after the end of shaking (Figure 51(d)). This

condition was further illustrated in Figure 46, which shows time

histories for the vertical effective stress and excess pore-water

pressures for the points shown on the mesh (Figure 45(a)).

Retaining Wall Test

The test procedures and test results are reported in Reference 22.

Leighton-Buzzard sand was used and was poured dry from a hopper behind

the wall. Density was adjusted by altering the rate of flow and height

of the drop. The loose backfill case (Dr = 55%) was selected for this

analysis. A reinforced micro-concrete wall model, 175 mm high with a
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stem thickness of 15 mm was bolted rigidly to the test container with

the sand backfill placed behind it. The model was then placed on board

a centrifuge and "spun up" to a centrifugal acceleration of 80 gs. The

container was then subjected to a sinusoidal input acceleration motion

perpendicular to the plane of the wall. The corresponding prototype

situation is analyzed hereafter.

Figure 52 shows the finite element mesh used for the analysis.

The backfill is discretized by using 280 elements. The soil para-

meters are given in Table 4. The retaining wall is modelled by using

12 linear beam elements with p = 2.76 103 kg/m (mass per unit length),

-A-'r '71. Undeorm4 mesh use ALor a-,iin wall 01test.a_~::

"U , " """ " " -" "' . ' ". "'. s . ." ' " -" " " ' - ", " .' -. . "_ ,"", __ " ' "- "- """," -. "",.'l -""" "-'-"- - 'v '

I "

L2 12 - Lag -Lee al &2 al 2l4M

LL 1-1 i Ik jCL1 1L M- 151 _M '7+ 4 le
x& AT !AA V } ie _i-Al lq 4

T+E7 QIl_ 1-_4 A_ 1- _P__

Figure 52. Undeformed mesh used for retaining wall test.
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E = 1.70 x 1010 N/m2  (Young's modulus), G = 6.54 x 109 N/m2  (shear

modulus), I = 1.44 10-1 m4 (bending moment of inertia); and A = 1.20 m2

(cross-section area). The soil and wall subdomains are interfaced by

using 14 slide line elements, with K = 1010 (penalty parameters). Also,

the interface between the wall and the backfill is assumed frictionless.

The bottom boundary is assumed rigid and the side boundary smooth

in the vertical direction.

The computed wall crest deflection under gravity load is 4.55 cm,

which compares favorably with the measured test value (4.7 cm).

In order to simulate the dynamic test conditions, the same sinu-

soidal horizontal acceleration was imposed on the bottom boundary nodes

and the soil right side boundary, with a maximum acceleration = 0.20 g

and a frequency of 0.75 Hz for 16 seconds (12 cycles).

Figure 53 shows the computed horizontal acceleration time histories

at the bottom (Figure 53(a)) and at the top (Figure 53(b)) of the wall.

Note that as the result of the interaction with the nonlinear soil mass,

the computed response at the top of the wall is amplified and exhibits

superharmonics (typical of nonlinear systems). Figure 54(a) shows the

computed horizontal displacement at the top of the wall. The amplitude

of alternating crest deflection is 3.725 cm which compares most favor-

ably with the recorded amplitude (0.50 x 80 = 4 cm) in the test

(Ref 22).

Figure 54(b) shows the computed vertical displacement of the top

soil element at the interface with the wall. Although sinusoidal in

shape, this motion occurs with a much longer period (about 12.5 seconds)

than the input horizontal motion (1.33 seconds).

Figure 55 shows the computed vertical, horizontal, and shear stress

time histories, normalized by dividing them by the initial Vertical

stress, close to the base of the wall (Figure 55(a), element A in

Figure 52) and at midheight (Figure 55(b), element B in Figure 52). At

midheight, initially, an active state of stress prevails and K = 0.40.a

As a result of the stress concentration at the corner, initially,

K = 0.675 at the bottom, c:loser to a passive state. As a result of the

shaking, the lateral stress fluctuates and exhibits a net decrease at

the bottom of the wall (K - 0.35 after 12 cycles), but stays about the

same at midheight.
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Storage Tank Test

-: The centrifuge model consisted of a storage tank placed over a soft

- -foundation strata. The tank model was constructed of rolled aluminum

plate, which formed the walls. The base consisted of a flexible, rubber

membrane to approximate the conditions of a prototype tank's flexible

*base. A cross section of the model package is presented in Figure 56.

D =6.4 in.

Oil Storage Tank

~ Displacement
H 06i.Transducers Tub

7.0 in. fu 2 5 6
1.6 1.0 1.0 1.0

Founda ti on in. in. in. in.
Ring 

W T

1.0 in. .. Sand -. . .

13.0 1In. Clay f

Pore Water
6.0 in. Pressure

4.Sn2 Transducers

4, '.5 in.

1.0 in. . Sand .

Figure 56. Model tank package.
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The model was then mounted on a centrifuge and accelerated to

60 gs. The model was maintained at this acceleration for 6,000 seconds

to allow for consolidation to take place. Once hydrostatic conditions

were reached, the simulation of the tank loading and unloading began,

Figure 56. Pore pressures and surface displacements were recorded

through an automated data acquisition system. More detailed information

can be found in Reference 44.

The material model properties for the kaolinite simulation were

derived from undrained triaxial compression and extension tests pre-

sented above. The results of the material model fitting process are

shown in Figure 35. The triaxial test data for the extension test was

scaled from it's original confining pressure to be at the same confining

pressure as the compression test as required for input to Program MUD.

The effect of this scaling on the final solution was minimal.

The material model properties for the layers of Monterey "0" sand

were constructed from test data presented above. Modifications were

made to the critical stress ratio, parameters to reflect a somewhat

higher relative density, which was back calculated from the weight of

the sand used in this test. Triaxial test data were not available for

the sand used in this test.

The finite element model consisted of 16 sand and 48 clay elements

as shown in Figure 57. The tank loading and unloading was simulated by

a uniform pressure distribution over the inner four elements as shown in

Figure 57. To properly initiate the stresses and consolidation char-

acteristics of the model, the problem was started at an initial gravity

of zero, and then increased to the required 60 level over a time period

of 250 seconds. The model was then maintained at this acceleration

level throughout the test. After the appropriate time period for

consolidation (6,000 seconds) the loading-unloading simulation began.

The loadingunloading simulation consisted of three filling and two

releasing steps. The entire trace of the loading is shown in Figure 58.

Each loading increment consisted of a 125-second load step and

1,875 seconds of dissipation to allow for consolidation time.
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Because this is a layered system, which is similar to those found

in nature, it is important to correctly capture the effects of all of

the layers on the system response. The displacement traces shown in

Figures 59 and 60 show the instantaneous settlement of the sand. Dis-

placement characterization overall is in good agreement while the actual

measurements are acceptable. There was some difficulty in the degree of

rebound that the numerical model exhibited. The errors here are caused

by the difficulty in determining the correct input parameters for the

material model as well as soil deposit inconsistencies in placement and

uniformity acknowledged by the original investigators. The pore-

pressure traces (Figure 61) are in excellent agreement with those

measured during the test. Dissipation is represented with excellent

accuracy in all cases demonstrating Program DYNAFLOW's capability in

modeling threedimensional consolidation problems.

Comparing Program DYNAFLOW's prediction and those of the finite

* element code used by the original investigators (Reference 45) show the

Program DYNAFLOW analysis has greater capabilities. This is primarily

due to the ability of the Princeton Effective Stress Soil Model to

characterize both sands and clays, as opposed to modeling the sand as a

quasi-elastic soil as was done in Reference 45. The prototype, as

simulated in this configuration, was not highly sensitive to this

assumption of elasticity, as the problem is largely dependent on only

one parameter--the consolidation coefficient. However, further attempts

at modeling more complex and varied systems will require the ability to

model all materials present in the system as is done in the Princeton

Effective Stress Soil Model.

DYNAFLOW ADINA COMPARISON

To evaluate the relative computational efficiency and algorithm

accuracy of Program DYNAFLOW, several comparitive total stress analyses

were run using DYNAFLOW and a well recognized non-linear finite element
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Figure 59. Vertical displacement along centerline.
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~Figure 60. Free-field displacements.
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Figure 62. DYNAFLOW-ADINA comparison load versus displacement, case I.

Program, ADINA. Because ADINA has only total stress capability, a

constitutive model other than the Princeton Effective Stress Soil Model

had to be selected. The Von Mieses model is included in both computer

programs and was judged best for a straightforward comparison.

The problem selected for the analyses consisted of a pressure

loading over a portion of a semi-infinite elastoplastic half space. The

problem is analagous to a flexible mat foundation on which the distri-

buted load is increased incrementally until bearing capacity failure is

reached.
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The theoretical solution for limit load is given by the equation:

P = (2 + n) C
f

where: pf = Failure load per unit area

c = Cohesion, or maximum shear strength of the material

n = Pi

The analyses were run in three configurations to determine some of

the sensitivities to changes in model parameters. The relative compu-

tation times, material parameters, and predicted failure loads are:

PP CPU
Analysis E C v (thto- Program f

retical) (computed) (seconds)

1 1000.0 100.0 0.3 514.0 Adina 370 800
Dynaflow 540 612

II 1000.0 100.0 0.49 514.0 Adina 530 633
Dynaflow 525 465

III 5000.0 24.3 0.30 125.0 Adina 120 620
Dynaflow 137 418

E = Young's Modulus
C = Cohesion
v = Po4sson's Ratio

The resulting load-deformation curves for cases I and II are

presented in Figures 62 and 63. Note in Figure 62 an additional

analysis using Program ADINA is included with a plastic modulus of 1.0

which adds a significant amount to the total stiffness of the foundation

system. In Figure 63 the solutions seem to change their respective
"soft versus stiff" relatiorhip present in Figure 62.

This case is a representation of response for a semi-incompressible

material (Poisson's ratio = 0.49). The stiffened response in the

program ADINA load-displacement history is a result of the locking

phenomona generated from incompressible elements. As Poisson's ratio
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Figure 63. DYNAFLOW-ADINA comparison load versus displacement, case IL.

approaches 0.5 the stiffening becomes more pronounced. The solution
using Program DYNAFLOW involves a reduced integration on the volumetric

stiffness contribution, and prevents the locking phenomona.

Case III is a comparison of the results from ADINA, DYNAFLOW, and a.4

* solution presented in Reference 44. Poisson's ratio is again reduced to

0.3 and the differences in the ADINA and DYNAFLOW (Figure 64) solutions

become more pronounced. The differences are apparently due to material
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PILE AND PIER FOUNDATIONS

Load Capacity

This discussion considers only straight piles driven into homo-

geneous deposits of cohesionless materials. Experience has shown that

when piles are driven into sand, the soil near the pile is compacted to

a distance of a few pile diameters. In a homogeneous sand tne point

resistance and average skin friction increase with depth of penetration

up to a critical depth. Beyond the critical depth, the point resistance

and skin friction remain almost constant; generally this is caused by

soil compressibility, crushing, and arching. The empirical approach to

prediction of pile behavior has proven more satisfactory than an

analytical bearing capacity approach.

The load transfer mechanism between the pile and the surrounding

soil governs the behavior of the pile. The design of a pile requires

determination of the proportion of load transferred to the soil by

adhesion and friction between the pile and the soil and that transferred

by end bearing. This is influenced by the flexibility of the pile, the
stiffness of the soil, and the nature of the transfer mechanisms between

pile surface and soil.

Through use of instrumented field and model studies, the design of

piles and piers has been better understood. Figure 65 illustrates use

of pile-driving resistance formulas to estimate individual allowable

pile loads. Figure 66 illustrates the calculation of ultimate load

capacity of piles in cohesive soils, and Figures 67 and 68 illustrate

the calculation of load capacity of piles in cohesionless soils. How-

ever, these conventional ultimate design approaches assume the simul-

taneous and full mobilization of pile shear resistance and base bearing,

which is not well founded. Studies have shown that movement of a pile

must be present to mobilize its load-carrying capacity.

Reese and O'Neill (Ref 47) show that the division of load between

sides and base for a pier on stiff clay is dependent on the total load-

ing (Figure 69). The first two load increments show that almost all of

the load is carried by friction; as the load increases, more is carried
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p ~ ~ ~ ~ ~ L3 1~sC pile a ri% ing2 1crmulas odibeact-

Fcrd- r ramme r F-, single-atnghme ii %ential ha m re

2WWH
Use___ V hen driven od - ? Use -hen dris'er.

W -i~sstts are l mrir 50. weights Are lrage

S ~ e~hs -kn 
2 eights.

Q,2: aiio'aable pile load in pounds

W weig:.t oi striking parts of hammer in pounids.
.h"e efiect:se height of fall in feet
th Oe Actual energy deli'.ered bv hamnmer per blow in foot-pounds

5 average net penetration in inches per blow for the last 6 in of driving
W,) driven weights LNotek Ratio of driven weights to striking weights should not

W5 weights Of strikigprs exceed 3.

!di: ic atio-v ot basic pile dr:vinz :irMolaS

.K For piles driven to and seated in rock as high capacity end-bearing piles

Drive to refusal (approximately 4 to 5 blows for the last quarter inch of driving)

Recr:%'e open end pipe piles repeatedly until resistance for refusal is reached

within I in of additiona] penetration.

BPi es driven trirough stiff compressible materials unsuitable for pile bearing to an under-

lying bearing stratum:

Add blows attained before reaching bearing stratum to required blows attained in

bearing stratumn (see example)

Examnple required load capacity of pile QGLt .25 tons
FILLhamnmer energy E IS1. 000 ft-lb

Poenetration(s;as pe ai f-mla or blws per

R A u 42 11- rtinch (24 blowsi'ft)

- __ - ~Required blows for pile 24 + 18 42 blows/ft

e r e n nrto limited thin bea r~ni stratumn, drt'.e to predetermiiined tip cevation.
L'ittermine allowable l(ad by load test
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Figure 66. Ultimate load capacity of piles in cohesive soils (Ref 45).
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Figure 67. Ultimate load capacity of piles in noncohesive soils
(Ref 45).
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Figure 69. Load distibution for

drilled shaft in stiff clay.

by end bearing. Above 80 tons, any additional load is taken by end

bearing. Note how curve C simply translates to form curve D, indicating

additional load is taken by end bearing. With the information in Fig-

ure 69, a typical load transfer relationship can be obtained showing

side friction (Figure 70). From the slope in Figure 69, it is evident

that frictional effects are greatest in the middle (depth) of toe pile.,

and a reduction in the rate of load transfer occurs in the lower part,

particularly just above the base. The distribution of frictional forces
depends upon the soil type. Modifications to ultimate strength formula-

tions have been suggested by Reese and O'Neill (Ref 47). Factors

include an effective depth concept in lateral earth pressure calculation

for granular soils and a friction reduction factor for ultimate resist-

ance in cohesive soils.

118

" ":-:': ¢ " : " -' ('=: -=-wf , 'ai¢ " " " " "" " " '... ..- ,-- k.-'. .. :" ' '-;.,. : .... ,.,'.% -"... ,-,:.- ..."%



(Depth below surface)

. (12 ft E5 in.

(P i' (8 ft 4 in. )

-c (4 ft 2 in.)

CL P

0
0 02 04 06 O

Downwaid Movement (in.)

Figure 70. Load transfer to shaft

W segment versus movement.'V
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A theoretical solution of the load transfer phenomenon can provide

considerable insight. For instance, a soil-structure problem would be

one in which the nature and mechanism of load transfer is of consid-

erable importance. Solving this problem must focus on the stress strain

characteristics of the soil and the behavior of the interface between

pile and soil. Using a linear-elastic constitutive model would be a

gross simplification of the real material properties. The Princeton

University Soil Model offers an opportunity to explore nonlinear

relationships.

Several approaches have been used to model the contact problem.

Peterson (Ref 48) treats the two contacting surfaces as separate and

distinct and joins them mathematically by use of Lagrange multipliers.

However, this model does not allow preslip deformation. Herrman

(Ref 49, 50, and 51) defines three behavior modes: nonslip, slip, and

separation. A compatibility model combining compatibility and equilib-

rium is used. The compatibility model involves linking the two surfaces
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with fictitious bond springs, and the frictional forces are applied as

surface tractions. This allows a preslip deformation that would not

otherwise be computed.

Another approach simply links two nodes, initially overlapping with

nonlinear springs. The procedure is simple to operate but, u.,fortu-

nately, may produce undesirable numerical characteristics when distinct

rapid changes occur in stiffness.

Prevost has formulated a contact element in the Program DYNAFLOW.

" The contact element may be used to impose inequality constraints between

nodes. Either friction (i.e., "stick") or frictionless (i.e., "slip")

conditions may be achieved.

A contact element is defined by two nodes: a spring constant or

"penalty parameter," k, and a fixed direction vector, A + d where x- A -A
is the initial position vector and d A is the displacement vector. The

contact plane passes through the point xA is the displacement vector.

The contact plane passes through the point x + d and is perpendicular
t)-A -A
to n (Figure 71(a)). The contact/release condition is defined as

follows:

a > 0 release

0 5 0 contact

where: (= • n

! -B -B -A -A

The quantity, a, is a measure of the distance between xB + dB and

the contact plane. When contact is noted, a contact element stiffness

and out-of-balance force are added to the global equations.

If k > 0 is sufficiently large, the point xB + -B will be forced to

lie (approximately) on the contact plane. In subsequent steps, only the

stiffness is assembled, and the decision to remain in contact or to

release is made on the basis of the sign of a, as above.

For interpreting output, the contact element "displacement" is

defined as a, and the "force" is given by:
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ka if o < 0

0 ifoaO

In addition to the contact element, Prevost (Reference 38) has

defined a slide element. The slide-line element may be used to impose

inequality constraints between nodes. Either friction or frictionless

conditions may be achieved.

A slide-line element is defined by three nodes and a spring con-

stant or penalty parameter, k. The connection from node A to node B

defines the slide-line direction, and node C is the contact node

(Figure 71(b)).

The projected distance of node C to node A onto the slide-line

direction is denoted by a and is given by:

a = AB C / AB2  0 < O i1I

where: = the dot product of two vectors. The direction of the unit

vector n to the slide-line direction is given by:

n (AA x A) x AA/ (AA x At) x A6

where: x denotes the cross product of two vectors. The local contact

stiffness matrix k is given by:

( ) 2 U(1 -a) -(1
k = k a(1 -a) a -

where the rows and columns are arranged such that the first, second, and

third rows (columns) correspond to nodes A, B, and C, respectively, The

contact/release condition is defined as follows: (1) in two dimensions,

if 0 5 a < and A9 n< 0, contact (otherwise, release); and (2) in

three dimensions, if 0 < a < 1, then contact (otherwise, release).

If k is sufficiently large, the point C will be forced to lie

(approximately) on the slide-line AB. In subsequent steps, only the

contact stiffness is assembled, and the decision to remain in contact or
not is made as described above.
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Cyclic Behavior of Piles

Poulos (Ref 52) concludes that ultimate load capacity and cyclic

stiffness decrease with increasing numbers of cycles and increasing

cycle load level. This becomes more significant when the cyclic load

approaches one-half the static ultimate load. The cyclic degradation

appears to begin at the top of the pile and progresses downward,

resulting in a gradual transfer of load to the lower position of the

pile. The crucial factor in determining the amount of cyclic degrada-

tion is the shear strain for skin friction.

Poulos (Ref 53) conducted a limited investigation of an effective

stress approach to determine pore pressure increases with cyclic loading

and the resulting modulus degradation factors. Figure 72 shows a compi-

lation of observations (Ref 52) showing degradation as a function of

strain ratio, where:

= (0.10 to 0.25) y

and

YS = static shear strain to failure

Poulos (Ref 52) reports that "one-way" cyclic loading (i.e., cyclic

loading between zero minimum load and a specified maximum) produces

"two-way" loading (i.e., loading alternating between tension and com-

pression with zero as a mean value). He points out that degradation

will occur at different rates along the pile, depending on local stress

level. Even in initially homogeneous soil, a nonuniform distribution of

soil modulus and skin friction will result from cyclic loading because

nonuniformity of stress dist, bution occurs along the pile. Degradation

occurs in the ultimate skin friction along the length of the pile and

also the ultimate base resistance. The major problem in a cyclic

response is determining how the dpqradition factors vary with strain and
number of cycles.

The cyclic shear strain in the soil adjacent to the pile, Yr. can

be estimated as:
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ft d

where: P = cyclic displacement of pile at a point on the pile shaft

d = pile diameter

t In [5 Y (1 - ps) L/d]

V= 1.0 homogeneous infinitely deep soil and 0.5 modulus
K increases with depth

Ps= Poisson's ratio

L = embedder pile length

r Lcad (Iqg

+ i

,. Horizontal K 10
5

" 'Vertical K 10 2

Fiue72. Distribution of force withinpie
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The cyclic base strain can be estimated from the above assuming ps

= 0.5, L/d = 100.

0 •_4 Pbc

Yc db

where: Pbc = cyclic displacement of pile base

db = diameter of pile base.

It is important to note that the above is based on the assumptions

of elastic behavior. Typical predictions for pile settlement take the

form of Figure 73. Also shown in Figure 73 is the ultimate cyclic load

as a function of number of cycles. The settlement problem is the major

concern for piles in cohesionless materials.

Friction Between Calcareous Sand and Building Materials

Calcareous sediments have proven troublesome to offshore facili-

ties. Piles in calcareous sands have been noted to penetrate and to be

extracted with much less effort than predicted by conventional tech-

niques. A research program was previously conducted at NCEL (Ref 54) in

which calcareous sediments were collected from three environments: a

deep-ocean site, a shallow-ocean site, and coral line sand from an atoll

beach. The coefficients of friction of these sands and of a quartz sand

(used as a standard) were me3sured against surfaces of rough arid smooth

steel and mortar. Volume changes were measured as a function of sliding

displacement.
Experience has caused engineers to reduce pile capacities in cal-

careous materials. This usually results in load capacity reductions to

one-fourth that of piles in normal materials. In the past, it was not

clearly understood why calcareous materials exhibited inferior pile

support. Measured angles of internal friction -- a measure of

strength - are high, 34 degrees or greater. Part of the problem was

identified as the low increase in soil effective stress during pile

driving, which is thought to result from a crushing or collapse of a

cemented soil structure or from the breakup of individual carbonate
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Figure 73. Pile degradation with cyclic loading.
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grains. This lack of increase in effective stress results in a

relatively lower shear strength in the soil mass surrounding the pile.

Further, it was thought that the coefficients of friction might be

substantially less between calcareous materials and piles. Valent

(Ref 54) conducted a friction test program using a modified direct

shear test machine in which the lower half of the apparatus contained

a building material and the upper half a soil sample. Table 5 sum-

marizes his results.

In general, the results show that the low friction forces in cal-

careous sediments are not the result of low achievable friction angles,

because calcareous sands are comparable to other sands; low friction

development then, must be attributable to low normal force. Deep-ocean

sand (foraminiferal sand-silt) exhibits one possible cause for low

developed normal force. The volume change during testing indicated a

considerable volume decrease during development of resisting friction

,P" force, probably due to crushing of the skeletal structures and shell

fragments. Penetration of a pile in such a material would crush the

hollow shel'l material with only a minimal increase in effective stress

of the surrounding material.

Quoting from Valent (Ref 54):

"1. The calcareous sediments tested, and presumably
calcareous sediments in general, develop coefficients
of friction against steel and concrete building
materials that are comparable to those developed
by quartz-type sands. Thus, the possibility of
low coefficients of friction being responsible for
the observed low friction forces on driven piling
and other penetrators in calcareous materials is
ruled out.

2. The observed large volume decreases during
shear of the foraminiferal sand-silt are probably
responsible for the low developed friction forces
in these hollow-shelled materials. Such large
volume decreases at nonincreasing normal load imply
densification in the field without accompanying
increases in normal stress on the penetrator surface.

3. Low developed friction forces in other calcareous
materials may arise from a similar mechanism involving
a hypothesized loose, but cemented, structure for
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... ._Table 5. Summary of Friction Test Results (Ref 53)

P'"Test No. Soil Material Ppeak aPresiduala

~Base Materialb Sand c

r1 Quartz sand 0.67 d  0.54
! 2 Coralline sand 0.66 0.56

3 Coralline sand 0.68 d 0.57
4 Oolitic sand 0.77 °  0.61

i -'ZI5 Ool itic sand 0.81. 0.62
Zi"6Foram sand-s 1t 0.4O.58

i Base Materialb: Smooth Steel

7 Quartz sand 0.27 d  0.19

8 Coralline sand 0.20 0.17
9 Coralline sand 0.20 018 e

10 Coralline sand 0.21 0.17
11 Oolitic sand 0.15 d  0.13

12 Oolitic sand 0.32 0.31
, 13 Foram sand-silt 0.40 0. 37

.... Base Materialb Rough Steel

--_ 14 Quartz sand 0.60 0.54

S15 Coral Iine sand 0.63 0.55

- 16 Oolitic sand 0.54 0.51
Tabe17 Oolitic sand 0.58 0.50

T1e8 Foram sand-silt ol 0.66

Base Materialb Smooth Concrete

19 Quartz sand 0.60 0.54
20 Coralline sand 0.63 0.56
21 Oolitic sand 0.59 0.52

22 Oolitic sand 0.58f 0.54
23 Foram sand-silt - 0.67
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Table 5. Continued

Test No. Soil Material Ppeak Presidual
pea

Base Materialb: Rough Concrete

24 Quartz sand 0.69 0.57
25 Coralline sand 0.66 0.59
26 Oolitic sand 0.74 0.57

aFor direct shear tests, p = tan * where * = angle of internal
friction; for friction tests, p = tan 6 where 6 = angle of
sliding friction.

b
Soil in bottom shear ring for direct shear tests, or building
material in friction tests.

c
Base material same as soil material for direct shear tests.

d
These tests run with mechanical measurement system;
i.e., proving ring and manual recording of data.

e
Low value for p reached shortly after Ppeak, thereafter p
increased with displacement to end of test.

f
No peak p reached, p increasing through end of test.

.
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the soil material. The application of shear stresses
during penetration would cause collapse of this
structure to a denser, but still loose, arrangement."

Piles in Calcareous Sands

Calcareous sands, as discussed, are noted for loose arrangement of

particles lightly cemented to form a structure to support other layers

without compacting. However, upon shearing, the structure is destroyed,

breaking the cement bonds. The loose-grained structure then compacts

and densifies. The sand (silica sand) is a very loose sand (30% rela-

tive density) and, as such, is a "manufactured" sand that would not

occur in nature. The properties of this material might be expected to

represent the constitutive behavior of a calcareous sand.

To analyze a pile's load capacity using the effective stress soil

mocel, the mesh in Figure 74 was used. This mesh simulates a pile

already in place (i.e., not the driving of the pile). Horizontal and

vertical springs were used to join the pile to the soil field to simu-

late the interface and allow for pile movement.

The soil properties used were those of silica sand. The material

properties simulate the condition of the soil after placement of the

pile. No desification occurs, since the pile is in place at the start

of the analysis. A prediction of pile capacity was made by using con-

ventional techniques found in Figures 67 and 68 adjusted to the problem

conditions but without densification. Results indicated a pile resis-

tance in normal average cohesionless sand of at least 1,500 kg with

about 150 kg of that in side friction and the remainder in end bearing.

Load Settlement of the Pile. Figure 75(a) shows the load settle-

ment of the pile. Several values were tried for the spring constants.

Results show the pile experienced large settlements between 300 and 400

kg. Figure 72 shows the distribution of force within the pile for three

load levels. Note that most of the increase in load is due to skin

friction. Figure 75(b) shows the distribution of force along the pile

at a point in the loading having a force of 300 kg applied at the top of

the pile. The results in Figure 75(b) bhow about one-half to two-thirds
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Figure 74. Mesh of pile in soil field.
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of the load is taken in skin friction. The skin friction portion of the

load agrees with the predicted values. , however, the end bearing is

substantially less. It is important to note that the silica sand used

had a relative density of only 30% which is so loose it does not occur

in nature but is "manufactured" in the laboratory. The level of loading

is about one-fourth that of a pile in normal sand, which is the level

expected from experience in calcareous sands. Figure 76 shows contours

250 kg

": _' 1 300

S.7

1500

1000

Contour.- irl 1cr "

Figure 76. Principal stress contour around pile.
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of principal stress around the pile at a typical load step. These show

typical patterns, as expected; the level of stress below the pile tip

would be on the last surface at yield.

Results show that the order of magnitude of the pile capacity in

calcareous materials is predicted correctly. Further, the friction

developed on the sides of the pile is at the expected level, not sub-

stantially reduced from normal sands. The amount of end bearing is

slightly dependent on the vertical spring constant. Use of nonlinear

springs would have allowed slip to occur, transferring more load into

end bearing when exceeding some local slip level.

Pile Behavior Under Cyclic Loading. Next, pile behavior under

cyclic loading was examined. The applied loading consisted of cyclic

variation of the vertical load on the pile. In one case, the loading

was cycled in "one-way" loading (zero minimum and specified maximum) and

-, in "two-way" loading (alternating compression and tension). The first

example was at a relatively low level of loading for the model pile

(about one-seventh of yield). Figure 77 shows the stress beneath the

*! pile tip for one-way loading (0 to 50 kg), Figure 78 shows the shear

stress contours around the pile (0 to 50 kg). Figure 79 shows the

stress beneath the pile tip for two-way loading (50 to 50 kg), the shear

stress plot is similar to Figure 80. Note that the tip forces reduce

with loading, transferring more to friction to maintain load levels.

Figure 80 shows the typical contact element force, a measure of friction

between the soil and pile. Note the gradual buildup in the two-way

loading case.

The loading was increased to about 40% of yield. Figure 81 shows

the distribution of force within the pile for both one-way and two-way

loading for the first and fifth cycles. Note the increase in friction

loading in the pile with two-way loading, showing the degradation with

cyclic loading. Note also that for both cases the friction increases

more in the lower half of the pile. Figure 82 represents the typical

contact element force, again showing the increase in friction with each

cycle. Figures 83 and 84 show the stress beneath the pile tip. Both

drop off with each cycle, however, the two-way loading does so at a
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faster rate. Figure 85 shows the pile settlement for both cases. Note

that the change in settlement between the first and fifth cycle is over

four times greater for the two-way loading. Figure 86 shows the

deformed mesh for the one-way loading., the mesh is similar for the

two-way loading.

The loading was increased to 80% of pile capacity, and the one-way

loading case was tried. This load exceeded the friction capacity so

two-way loading could not be used. Figure 87 shows the stress beneath

the pile tip, and Figure 88 shows the deformed mesh. Failure occurs

between load steps 70 and 80. Figure 89 shows the shear stress contours

around the pile at load steps 10 and 70. More load capacity is trans-

ferred from end bearing than from side friction.

The cyclic results clearly show the degradation of the pile under

cyclic loading. Results show the two-way loading causes more degrada-

tion, as expected. The model performed well in predicting the qualita-

tive pile behavior, particularly the settlements (Figures 75 and 85).

The pile problems were repeated for the undrained case in which the

water table was at the surface. Figure 90(a) shows the load settlement

curve. The original load increment osed in the drained problem above

was too large for the undrained problem and produced an instability at

yielding. The load step was reduced, and the solution proceeded in a

satisfactory manner. The pile capacity was about 250 kg, lower than the

350 kg in the drained case. The loading was cycled in one-way and

two-way conditions. Figure 90(b) presents the distribution of force

within the pile, showing the increase in friction with cycling, as with

the drained case. Friction is slightly greater in this case.

Figures 91 and 92 show the soil stress beneath the pile. The end

bearing stress drops off with cycling, showing the shift to friction.

The two-way loading has a faster degradation, as clearly shown in

Figure 93, which shows the settlement. The two-way loading produces

more permanent differential settlement after the fifth cycle. Figure 94

shows the pore pressure in the soil beneath the pile tip. The pore

pressure rises to about three-quarters of the confining stress and then

drops off as the load is shifted to friction along the pile. Figure 95

shows the friction force. Note the degradation effects with cycling as

the load transfer drops off with each cycle.
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CONCLUSIONS/RECOMMENDATIONS

An efficient finite element procedure to analyze dynamic transient

phenomena in dry and/or fluid-saturated porous soil media is presented.

The saturated porous medium is modeled as a two-phase system consisting

of a solid and a fluid phase. Time integration of the resulting semi-

discrete finite element equations is performed by using an implicit-

explicit algorithm. In order to remove the time step size restriction

associated with the presence of the stiff fluid in the mixture, the

fluid contribution to the equations of motion is always treated

implicitly. The procedure allows an optimal selection of the time step
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41 size independently of the fluid. Depending upon the particular appli-

cations (seismic, blast loading, etc.) the fluid may be assumed

%" incompressible or compressible.

Accuracy and versatility of the proposed procedure are demonstrated

by applying it to a number of dynamic soil and soil-structure inter-

actions tests performed in centrifuges. The hysteretic stress-strain

behavior of the soil skeleton is modeled by using the effective-stress

elastic-plastic model reported in Reference 31. The model is an

extension of the simple multi-surface J2 -plasticity theory and uses

conical yield surfaces. The model accurately describes observed shear

nonlinear hysteretic soil behavior, shear stress-induced anisotropy

effects, and reflects accurately the strong dependency of the shear

dilatancy on the effective stress ratio in granular cohesionless soils.

The model is applicable to general multi-dimensional stress-strain

conditions, and its parameters can be derived entirely from the results

of conventional triaxial soil tests.

The proposed procedure allows a complete and rational analysis of

complex dynamic soil-structure interaction problems including important

effects such as hysteretic nonlinear effective stress-strain behavior,

coupling between shear and volumetric deformations, coupled effects in

saturated two-phase soil systems.

The soil model has been validated by comparison with laboratory

test data, predicting drained tests, undrained tests, and tests at

differing stress paths. The model has been further validated by

comparison of computed results to results obtained in centrifuge model

tests.
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